This study evaluates the effectiveness of a new method for seismic strengthening of exterior RC beam-column connections and develops a joint shear strength model for the strengthened connections. Four RC exterior connections without transverse reinforcement at the joints were cast and tested under reverse cyclic loading. The first connection was tested as the control specimen while the three remaining connections were glued with concrete covers around the columns at the joint area to modify them from square to circular sections and then they were wrapped with different ratios of CFRP for strengthening. The joint shear strength model was developed based on average plane stress concept and it was evaluated with a collected database containing 32 connections strengthened with the conventional FRP methods and three connections strengthened with the new method. Experimental results showed that the variation of the CFRP ratios wrapped around the specimens led to different failure modes of the examined connections; despite the differences in the failure modes, shear capacity and seismic performance of the strengthened connections improved significantly. The new strengthening method could eliminate two of the primary disadvantages (debonding and/or bulging of FRP from the concrete surface and a low confinement effect) of the existing method. The experimental and analytical results showed that the new strengthening method improved the ability of FRP and concrete working together to resist the joint shear forces. The proposed model predicted the joint shear strength of the FRP-strengthened connections accurately. Due to their superior performance, the proposed strengthening method and the proposed model are expected for practical application. 
structures in the world, were constructed without properly considering the seismic 44 effects that pose a significant risk to human beings, especially when earthquakes occur. 45 Recent earthquakes showed that beam-column connection with insufficient transverse 46 reinforcement often failed by brittle shear failure with 'X' shape cracks [1] . This type of 47 failure made the beam-column connections become the most susceptible component of 48 RC frames because it generally leads to the whole structure collapsing. Therefore, to 49 improve the safety of the existing RC structures, it is essential to improve the strength 50 and ductility of beam-column connections so that the ductile flexural hinge formed in 51 the beam was archived under cyclic loading. 52
Some techniques including epoxy repair, removal and replacement, concrete jacketing, 53 concrete masonry unit jacketing and steel jacketing have been proposed for 54 strengthening RC beam-column connections in recent years. The application of these 55 conventional techniques could improve the performance of the strengthened 56 connections but they also have some limitations [2] . Shannag, et al. [3] proposed a 57 strengthening method using high performance fiber reinforced concrete while Hadi [4] 58 proposed a method using steel straps. However, their methods were complicated and 59
could not fully restore the performance of the destructed RC connections. Strengthening 60 beam-column joints by planar joint expansion [5] could improve seismic performance of 61 connections but it was complicated and significantly increased the joint volume. 62
Preponderantly, externally bonded FRP has been recognized as the ideal technique for 63 strengthening beam-column joints. 64
Many researchers [6] [7] [8] [9] [10] [11] have presented experimental studies on retrofitting beam-65 column joints using FRP composites. They concluded that the application of externally 66 bonded FRP was able to improve the shear resistance, the stiffness and the ductility of 67 beam-column connections. The efficiency of the FRP retrofitting method depends on 68 the ability of the anchorage systems to delay or prevent debonding and/or bulging of 69 FRP from the concrete surface at the joint area. Unexpectedly, FRP debonding was 70 observed in most of the experimental studies that used FRP for strengthening beam-71 column connections. The debonding of FRP on specimens tested by Ghobarah Although to be considered as a promising technique, the effectiveness of Hadi and Tran 110 method [23] for strengthening T connections was not evaluated thoroughly. It is 111 because only two retrofitted specimens (one strengthened and one repaired) and no 112 reference specimen were tested. In order to validate the effectiveness of this method, a 113 total of four identical RC T connections were tested in this study, one was used as the 114 control specimen and the three remaining connections were strengthened with the 115 proposed technique, but with different CFRP ratios. The variation of the CFRP ratio aims 116 at creating different failure modes (i.e. joint shear (JS) failure, flexural beam hinge (BH) 117 failure, and a combination of JS and BH failure mode) of the tested specimens. The focus 118 on the specimen that failed in BH mode was mainly on how affective the strengthening 119 method was with regards to the behaviour of the entire beam-column connection, 120 including the beam, the columns, and the joint, but for the remaining specimens, the 121 focus was mainly on how the joints reacted. It is noted that experimental investigations 122 focusing on FRP retrofitted specimens that failed in JS mode are rare and thus, they are 123 need [20] . 124
In addition, an analytical model for estimating the shear strength of FRP-retrofitted T 125 connections was also developed in this study for practical application. It was applied to 126 predict the shear strength of the connections tested in this study. stress is higher than the predicted shear strength, the designed original specimens were 174 expected to fail in joint shear mode, and thus they need to be strengthened at the joint 175 location. 176
Unidirectional CFRP was used to strengthen the T connections. The type of CFRP used in 177 this study was Carbon-uni-fabric sheet and the applied resin was a mixture of epoxy 178 resin R105 and hardener R206 at a weight ratio of 5:1. The coupon tests showed that 179 the fibre has an elastic modulus of E f =235 GPa and an ultimate strain  fu =1.79, while 180 these values provided by the manufacturer are 240 GPa and 1.8%, respectively. The 181 strengthening procedure of Specimens TS, TS1 and TS2 included two stages. In the first 182 stage, the columns of the connections were bond with the segmental circular concrete 183 covers using a mix of epoxy resin and 20% thickener to modify the columns of the 184 connections at the joint area from square to circular sections. Before they were bonded, 185 the surfaces of the specimen around the beam-column joint area and of the segmental 186 circular concrete covers were ground with an electric grinder and then cleaned with air 187 blasting to ensure the contact surfaces were smooth. Details of the bonding technique 188 can be seen in Hadi and Tran [23] . In the second stage, the modified connections were 189 externally bonded with CFRP sheets in a four-steps procedure as follow. eliminate the application of the proposed strengthening method in practice but it is 214 noted that under seismic load, this type of exterior joint is weaker than joints with 215 transverse beams connected directly into the column because the existence of these 216 elements at the joint location improve the joint performance. Therefore, this type of 217 beam-column joint shows a real need to be strengthened. 218
Test set up

219
A strong frame was used to test the specimens and the test set up is shown in Fig. 4 . 
Test Results
231
Behaviour of the specimens 232
Specimen T0 233
Specimen T0 exhibited, as expected, premature shear failure during the early stages of 234 cyclic loading. A maximum load of 35.8 kN was reached at the peak of the 2 nd loading 235 cycle when diagonal cracks developed at the centre of the joint. In the next loading 236 cycles, the peak loads reduced rapidly, the diagonal cracks opened widely and spread 237 into the columns to connect with the bond-splitting cracks along the column longitudinal 238 bars, which extended approximately 450 mm both above and below the centre of the 239 joint. These cracks opened widely and connected with the joint diagonal cracks to cause 240 a serious shear failure of the connection. This development of diagonal and bond-241 splitting cracks caused a serious shear failure of the connection. No flexural cracks 242 occurred in the beam or the columns near the joint core, but when testing ended, the 243 concrete at the joint core was completely crushed. The measured shear force versus 244 beam end deflection and the final cracking patterns of Specimen T0 are shown in 
Specimen TS 247
Specimen TS firstly failed by formation of a beam flexural hinge at the column face due 248 to the rupture of the horizontal CFRP around the joint at the beam-column interface in 249 the first six loading cycles. The specimen then continued in the last three loading cycles 250 with the joint shear failure mode. A maximum load of 77.2 kN was reached at the peak 251 of the fourth loading cycle, an increase of 116% as compared to the control specimen. 252
After reaching the maximum load, the horizontal CFRP around the joint ruptured 253 gradually at the beam-column interface, thus in the next two loading cycles the beam 254 flexural hinge was formed at the beam-column interface and the load reduced slowly 255 together with the CFRP rupturing process. In the last three loading cycles when the CFRP 256 around the joint was completely ruptured, the anchorage system was inactive. 257
Debonding of CFRP at the joint area, therefore, occurred leading to the joint shear 258 failure and the load reduction. beam developed faster and were also wider than those on the columns during the third 291 loading cycle, and they led to a flexural hinge forming on the beam during the fourth 292 loading cycle. A maximum load of 86 kN was reached at the peak of the fourth loading 293 cycle, which is an increase of 140% compared to the control one, and the load continued 294
to be maintained at a high level until the ninth loading cycle. During this test, no 295 debonding or breakage of CFRP at the joint region occurred, which means that the 296 amount of CFRP applied onto this specimen was adequate and it could cause the 297 connection to shift to beam failure from joint shear. The measured shear force versus 298 beam end deflection and the final cracking patterns of Specimen TS2 are shown in Fig. 6  299 (d) and Fig. 7 (d) , respectively. 300
Joint stiffness 301
The stiffness of the tested specimens depended on the stiffness of the columns, the 302 beam, and the joint. In this study, joint stiffness was used to evaluate the efficiency of 303 the proposed strengthening method. The stiffness of the joint was calculated as the 304 ratio between the beam tip load and joint rotation. Three inclinometers were used to 305 measure the rotation of the beam and the columns during the test. This rotation of the 306 joints was calculated as the difference between the rotation of the beam and the 307 columns. The plots of joint stiffness versus the beam tip displacement of the tested 308 specimens are shown in Fig. 8 . In general the joint stiffness of the strengthened 309 specimens had improved significantly such that Specimen TS was stiffer than Specimen 310 TS1 but softer than Specimen TS2 at the same beam tip displacement. These results 311
were reasonable because the amount of CFRP wrapped around Specimen TS2 was 312 adequate, whereas Specimen TS was higher than TS1, both were inadequate. 313
The significant improvement in the joint stiffness of the strengthened specimens over 314 the control specimen during the first two loading cycles may have resulted from the 315 concrete covers being glued in place. It is because at these loading stages, the strain of 316 the CFRPs was very small (Fig 11. ) so the contribution of CFRP towards joint stiffness was 317 insignificant. The joint stiffness of Specimen TS and TS1 was very close during the first 318 three loading cycles, but during the next loading cycles Specimen TS had significantly 319 higher joint stiffness. This may be due to difference in their failure modes; because 320
Specimen TS failed in HB mode in loading cycles 4-6 and then JS mode, with a significant 321 contribution of CFRP in the last three loading cycles, whereas Specimen TS1 failed 322 completely in JS mode during the last six loading cycles. Because the CFRP ruptured, the 323 joint stiffness of Specimens TS1 and TS rapidly decreased to relatively low levels during 324 the last four loading cycles, while Specimen TS2 remained stable at the same time. 325
During the last four loading cycles the CFRPs in Specimen TS1 ruptured completely but 326 its joint stiffness was significantly higher than the control specimen, indicating that the 327 glued concrete covers still worked well together with the existing concrete to resist the 328 shear load. 329
Displacement ductility 330
One of the main goals of this method of strengthening was to improve the ductility of 331 the connections. The displacement ductility index μ was used to evaluate the 332 improvement in ductility of the strengthened specimens. Displacement ductility is 333 defined as the ratio between the ultimate displacement  u and the yield displacement 334  y . The ultimate displacement was determined corresponding to a 15% drop in the 335 loading capacity, while the estimation of yield displacement was based on equivalent 336 elasto-plastic energy absorption [33] . All the estimated displacements were based on 337 the positive and negative branches of envelops of hysteretic cures (Fig. 9 ) of the tested 338 specimens. The displacement ductility index μ of each specimenis calculated as means of 339 the ductility indexes corresponding to its positive and negative branches of the 340 hysteretic cure. The calculated ductility index of Specimens T0, TS, TS1 and TS2 is 1.71, 341 2.53, 2.28 and 3.20, respectively. These figures show that the displacement ductility of 342 the strengthened specimens improved significantly. Although joint shear failure mode 343 was observed in Specimen TS1, the increase in its displacement ductility was 33% 344 compared to Specimen T0. With Specimen TS, which first failed by beam hinge and then 345 by joint shear mode, the improvement in displacement ductility was 48%, and 87% for 346 Specimen TS2, which failed by beam hinge formation. 347
Energy dissipation 348
The dissipated energy of a specimen was defined as the area enclosed by a hysteretic 349 loop at a given loading cycle. It is an important criterion for the behaviour of beam-350 column connections under cyclic loading. Fig. 10 shows the cumulative energy dissipated 351 by the tested specimens such that the capacity of the beam-column connections to 352 dissipate energy improved significantly with the proposed strengthening method.
353
Compared to Specimen T0, the increase in the cumulative dissipated energy for 354
Specimens TS, TS1 and TS2 was 220%, 99% and 407%, respectively. Fig. 10 also shows 355 that in the last four loading cycles, although the CFRP ruptured at the joint area, the 356 dissipated energy of Specimen TS1 was significantly higher than the control specimen, 357 which again proved that the bonded concrete covers worked well with the existing 358 concrete to resist the shear load during the test, even when the CFRPs had ruptured. 359
Strain of external CFRP 360
The effectiveness of this proposed technique depends on how well the CFRP can confine 361 the concrete at the joint core. To evaluate the effect of CFRP confinement the strains of 362 the CFRP around the joint were measured by strain gauges numbered from 11 to 18 (Fig.  363 11). The measured strains of CFRP around the joint at the peak of loading cycles from 364 1 st to 6 th (beam tip displacement  = 10, 20, … 60 mm) of Specimens TS, TS1 and TS2 are 365 presented in Fig. 11 (a) , (b) and (c), respectively. The location of the strain gauges is also 366 attached in the figure for easy identification. In general, as it was expected, the CFRPs 367 around the joints were under tension during the test and thus the concrete at the joint 368 was affected by a relatively high confined stress. 369
For Specimen TS (Fig 11 a) , where no additional CFRP was installed, the strains of CFRP 370 at the beam-column interface (Strain Gauges 11 and 15) were about 10 to 20% higher 371 than at the center of the joint (Strain Gauges 12 and 16). Whereas, in Specimen TS1 and 372 TS2 the strains recorded from Strain Gauges 12 and 16 were higher than that of Strain 373
Gauges 11 and 15. These are the reasons explained why break of the CFRP at the beam-374 column interface occurred just in Specimen TS. This indicates that the application of the 375 additional CFRP could prevent effectively the break of the horizontal CFRP at the beam-376 column interface. For Specimen TS1 (Fig. 11 b) the CFRP strains measured from Strain 377
Gauges 12 and 16 reached the values of about 8900 and 7000 micro strain, 378 corresponding to 1/2 and 2/5 of the CFRP ultimate strain f fu , respectively. This shows 379 the effectiveness of the CFRP in this method, be caused the strains of only about 1/3 to 380 1/5 f fu were reached in the conventional CFRP strengthening methods. Fig. 11 (b) also 381
shows that CFRP strains of Specimen TS1 reduced in loading Cycles 5 and 6 after 382 reaching the maximum values at the peak of the fourth loading cycle. This could be 383 caused by the reduction in the load due to the disruption of the CFRPs around the 384 columns and the beam. In specimen TS2 (Fig. 11 c) the CFRP strain increased rapidly 385 from the first to the fourth loading cycles and then maintained at high level in the next 386 two loading cycles. These results coincided with the measured beam tip load (Fig. 6 d) . 387
Although the CFRPs near the back of the column had lower strains than those at the 388 center and at the beam-column interface, the distribution of the CFRP confined stress in 389 the tested specimens was quite uniform if compared to when CFRP was applied around 390 the square or rectangular sections, where confinement effect was only generated at the 391 corners of the sections. Moreover, relatively high confinement stresses were created at 392 the centre of the tested joints, whereas in the conventional methods, the CFRP 393 confinement effect at this area was insignificant because with the conventional 394 methods, the concrete surface at the joint center was flat and a relatively lower FRP 395 strains was reached. The confined stress created at the joint center could be the main 396 reason why CFRP did not bulging or debonding from the concrete in this area, which was 397 a common occurrence in conventional FRP methods. This also helped to maintain the 398 bond between the existing and the concrete covers and thus it improved the possibility 399 of them working together when resisting the cyclic shear forces. Harajli [34] proved that 400 FRP confinement substantially improved the reinforcement-concrete bond under the 401 cyclic loading. Therefore, the absence of bond-splitting cracks on Specimens TS, and TS2 402 (Fig. 7) can be explained as due to the relatively high CFRP confinement stress created at 403 the joint core. By preventing the risk of bulging and/or debonding as well as increasing 404 the confinement effect, it is believed that the possibility of the concrete and the 405 externally reinforcement working together to resist the shear forces was also increased 406 with this proposed method. 407
The proposed model for shear strength of FRP- joint is the critical location because most of the serious failures, which are caused by 420 diagonal tension and compression stresses, occur at this place. Therefore, it is assumed 421 that the joint shear strength of the retrofitted joint is reached when the principal tensile 422 and compressive stresses ( 1 and  2 in Fig. 12 b) of the concrete at the center of the 423 joint reach the failure envelope. It is noted in Fig 12 that However, due to its simplicity and the relatively low confinement of the concrete at the 427 joint core, this approach is currently used by the research community for the derivations 428 of most of the existing models for joint shear strength of beam. Further discussion on 429 the influence of the confinement effect on the joint shear strength of the shape-430 modified specimens is discussed in the following sections of the paper. 431
The tension-compression branch of Tasujiet al. In most of the existing modes, the joint shear force which is calculated as 454
is assumed to be resisted totally by the 455 concrete at the joint. This model however, assumed that only a fraction of this force is 456 resisted by the joint core and the remaining is transferred and resisted by the column 457 near the joint. Therefore, the shear force resisted by the joint can be calculated as: 458
where β is a fraction factor that illustrates the ratio of shear force resisted by the joint 460 core. The fraction factor β depends on the bond condition between the beam 461 longitudinal reinforcement and the surrounding concrete at the joint with an average 462 value of 0.84, for simplicity, β = 0.84 is proposed in this study; V jh is the joint shear force; 463
A sb and f sb are the area and the stress of the beam tensile reinforcement at the beam-464 column interface, respectively; h b is the total height of beam cross section. 465
The combination of Eqs. (1), (2), (3) and (4) In the FRP-strengthened schematic illustrated in Fig. 12 (a) formation of flexural hinges at section P-P and at the beam-column interface, 531 respectively, and which can be determined using Eqs. (13) and (14), respectively. 532 proposed model for specimens T0, TS, TS1 and TS2 is summarized in Table 2 . It is noted 542 that for Specimens TS, TS1 and TS2, the predicted joint shear forces Consequently, this strain ratio is proposed in the model to predict the joint shear 563 strength of a T connection strengthened using the proposed strengthening method. 564
The experimental and predicted joint shear strength of specimens 565 strengthened with the conventional FRP methods 566
To validate the proposed analytical model for predicting the joint shear capacity of the 567 conventional FRP-strengthened T connections, 32 experimental results of testing T 568 connections available in the literature were used. All the specimens were subjected to 569 cyclic lateral loading; the FRP was wrapped on the existing square or rectangular 570 sections of the beams and the columns and were at least one-third scale. The 571 comparison between the experimental and predicted results for the collected T 572 connections is summarized in Table 3 . In this this strain ratio is proposed in the model to predict the joint shear strength of a T 579 connection strengthened using the conventional methods. 580
A question arises as why the strain ratio of Specimens TS, TS1 and TS2 was higher than 581 that of the other specimens strengthened using conventional methods? The difference 582 in the strain ratio would be caused by the difference between the proposed and the 583 conventional strengthening methods, because the experimental results showed that by 584 reducing the risk of bulging and debonding as well as increasing the confinement effect, 585 the concrete and FRP can work together to resist the shear forces in the proposed 586 method better than the conventional methods. This was a reasonable assumption 587 because it is recognized that the improvement in FRP confinement improved the joint 588 shear behaviour of the strengthened connections and the effectiveness of the FRP 589 strengthening method was governed by the bond between the FRP and the concrete 590 surface. As mentioned above, for simplicity plane stress approach was applied in the 591 proposed model. This idealization may lead to errors in the predicted joint shear 592 strength, however, by calibrating the strain ratio fe cr   / using experimental results these 593 errors may be reduced and the good prediction of the proposed model as presented 594 above proved this point. 595
Conclusion
596
Four RC exterior beam-column connections were cast and tested under cyclic loading to 597 evaluate the effectiveness of a proposed strengthening method using CFRP and concrete 598 covers. The variation of the joint failure mode with the applied CFRP ratio has been 599 presented. Despite the difference in the failure modes, the test results have proved that 600 the proposed strengthening method not only helped in upgrading shear strength but 601 also helped in improving the seismic performance of the connections. The bonded 602 concrete covers work well together with the existing concrete to resist shear load. They 603 also helped in improving the FRP confinement effect and thus improved the 604 effectiveness of the applied CFRP. The supplement of the additional CFRP sheets at the 605 beam-column interface effectively prevents the horizontal CFRP from breaking at the 606 beam-column interface. Furthermore, the experimental results also showed that the 607 proposed method can help in relocating the failure of the T connection from the joint 608 area to the preferred place at the beam. 609
In addition, an analytical model to predict the shear strength of FRP-strengthened T 610 connections was developed based on plane stress concept. In the model, the possibility 611 of the FRP joint shear reinforcement bonded at the joint area to work simultaneously 612 with the existing concrete to resist principal tensile stress at the joint core was 613 calibrated. This calibration showed that the proposed FRP-strengthening method can 614 help in increasing the effectiveness of the wrapped FRP by improving the possibility of 615 the CFRP and the concrete to work together in resisting the shear load. The reliability of 616 the proposed model was evaluated by comparing the predicted and the experimental 617 joint shear strength of 3 connections strengthened using the proposed technique and 32 618 connections strengthened using the conventional methods. These comparisons have 619
shown the accuracy of the proposed model. 620
Finally, due to their effectiveness, it is believed that the proposed strengthening method 621 and the proposed model presented in this paper are suitable for practical implications. 
